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The onset and resolution of electrical and functional
measures of regional myocardial ischemia were exam-
ined in nine conscious dogs during control exercise and
exercise after beta-receptor blockade. The dogs had been
instrumented with an ameroid constrictor and were
studied when no regional dysfunction wasevident at rest,
although severe coronary stenosis or coronary occlusion
with collateral circulation development was present. ST
segment elevation was measured on subendocardial elec-
trograms, and regional wall motion was studied by sono-
micrometry. During control exercise, subendocardial
myocardial blood ftow in the ischemic zone, normalized
to blood ftow in the nonischemic zone, decreased. Sub-
endocardial ST elevation increased slowly, was signifi-
cantly different from control standing values by 2.5 min-
utes of exercise and returned quickly to control values
within 5 minutes after exercise. Percent systolic wall
thickening decreased rapidly, was significantly de-
pressed by 1 minute of exercise and did not return to
control values until 30 minutes after exercise.
A second, identical exercise stress was performed on
the same day after a single oral dose (1 mg/kg body
Dissociation of electrocardiographic and myocardial func-
tion changes during ischemia has been described previously
in dogs during complete and partial coronary artery occlu-
sion using endocardial, epicardial and surface electrocar-
diograms (1) and in patients during exercise-induced isch-
emia using surface electrocardiograms (2). Previous
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weight) of atenolol. In the ischemic zone during exercise
after atenolol compared with control exercise, normal-
ized subendocardial myocardial blood ftow was im-
proved and significantly less ST elevation occurred, but
the onset and resolution of ST elevation were not altered.
Systolic wall dysfunction during exercise was signifi-
cantly less after atenolol, and function returned toward
preexercise values by 1 minute after exercise, even more
rapidly than ST segment resolution.
It is concluded that during and after severe exercise-
induced ischemia, alterations in regional electrical and
mechanical events were dissociated in time so that re-
gional dysfunction began earlier, and during the recov-
ery phase regional contractile dysfunction persisted long
after resolution of ST segment elevation. With exercise
after beta-receptor blockade, ischemia was milder, and
this temporal dissociation between mechanical and elec-
trical abnormalities during recovery disappeared. These
findings suggest that contractile dysfunction is a better
marker (Ifsevere regional ischemia than are electrocar-
diographic events during and after exercise.
(J Am Coll Cardiol1987;10:110S-12)
experimental studies (1,3-5) have demonstrated that sub-
endocardial or intramyocardial electrograms are more sen-
sitive than epicardial or surface electrocardiograms for the
detection of ischemia. Beta-receptorblockade has been shown
to reduce pacing-induced epicardial and subendocardial ST
elevation (6) and to improve regional myocardial blood flow
distribution and regional contractile dysfunction during ex-
ercise-induced ischemia (7). However, timing of the onset
and resolution of ischemic changes detected by both sub-
endocardial ST elevation and impaired regional myocardial
contraction during and after exercise-induced ischemia has
not previously been examined. Accordingly, these temporal
relations were investigated during and after exercise-induced
ischemia in conscious instrumented dogs with chronic coro-
nary artery stenosis to determine whether contractile dys-
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function due to severe ischemia is a superior marker com-
pared with the subendocardial electrogram, and whether
these temporal relations are altered when milder ischemia
is produced by beta-receptor blockade.
Methods
Surgical preparation. The surgical preparation was de-
scribed and an analysis of regional myocardial blood flow
and function with exercise before and after atenolol was
previously reported in 10 dogs (7). Adequate recordings of
subendocardial electrograms were available in nine of these
dogs, and the new electrocardiographic information and its
temporal relation to regional myocardial blood flow and
function were analyzed for the present study. In brief, dogs
were instrumented with a high fidelity micromanometer
(Konigsberg P-7) and a Tygon catheter (1.27 mm internal
diameter) placed in the left ventricle for measurement of
left ventricular pressure, and with Tygon catheters placed
in the left atrium and descending aorta for injection of ra-
dioactive microspheres and for withdrawal of reference ar-
terial blood samples, respectively.
Thefollowing wereplacedsequentially on the circumflex
coronary artery: a single crystal (10 MHz) Doppler flow
probe, an ameroid constrictor (length 5 mm; lumen 2.5 to
3 mm) and a hydraulic cuff. Two pairs of miniature ultra-
sonic crystals (5 MHz) were implanted in the left ventricular
wall to measure regional myocardial thickening dynamics
(8)-one pair in the posterior wall supplied by the left cir-
cumflex coronary artery ("ischemic wall") and the other in
the anterior wall supplied by the left anterior descending
coronary artery ("control wall"). The subendocardial crys-
tal of the pair implanted in the "ischemic wall" was also
used to obtain a unipolar subendocardial electrogram (1).
The position of all crystal pairs was carefully examined and
recorded at necropsy to verify correct position and align-
ment.
Study protocol. Exercise was performed at 18 ± 4 days
(range 13 to 27) after operation when, in six of nine dogs,
both coronary blood flow velocity at rest (23.3 ± 8.5 versus
39.9 ± 5.9 cm/s; p < 0.001) and peak reactive hyperemic
flow velocity (27.8 ± 11.6 versus 106.9 ± 16.11 cm/s; p
< 0.001) were decreased significantly compared with values
I week after surgery, indicating the presence of severe coro-
nary stenosis. Circumflex coronary blood flow was absent
in the remaining three dogs because of complete obstruction
by the ameroid constrictor, but systolic wall thickening in
the ischemic area at rest was in the normal range, indicating
the presence of normal blood flow due to collateral circu-
lation.
Control standing values were recorded and the first mi-
crosphere injection made while the dog stood quietly on the
treadmill. The dog then ran on the treadmill at 5% grade at
a speed of 6.3 ± 0.9 km/h for 3.7 ± 0.3 minutes. Micro-
spheres (New England Nuclear Corporation) were injected
approximately 2.5 minutes into the run during a steady state
(7,9,10). Left ventricular pressure, coronary blood flow ve-
locity, regional myocardial thickening in the control and
ischemic walls and a subendocardial electrogram were re-
corded and taped continuously during exercise, for 5 min-
utes after the end of the exercise period and then intermit-
tently for the next 30 minutes. Previous studies (7) have
shown no differences between repeat, identical control runs
without intervention.
Thirty minutes after the end of the controlexercise, aten-
0101 (approximately 1 mglkg) was administered orally. Three
hours later when the maximal effect of atenolol on heart
rate was present, control data were recorded with the dog
standing quietly on the treadmill. The treadmill exercise and
microsphere injection were then repeated using the same
protocol as for the control exercise. Immediately after re-
cording the recovery phase of the second exercise period,
the dogs were anesthetized and the heart was stopped with
an injection of potassium chloride solution. The heart was
removed, placed in formalin and subsequently sliced into
subendocardial, midmyocardial and subepicardial samples
for assay of radioactivity and for histologic studies, as pre-
viously described (7).
Data analysis. Recordings of each experiment were made
on magnetic tape and later played back with an eight channel
Brush forced-ink recorder. The subendocardial ST segment
elevation, as measured 0.06 second after the onset of the
Q wave (11), and QRS amplitude were measured from the
ink recordings. A I mY standard was recorded on the
electrocardiographic tracing for all dogs, and was used to
standardize the size of the electrocardiographic signal among
dogs.
Hemodynamic, dimensional and coronary bloodflow ve-
locity data were digitized by computer (PDP 11103) from
magnetic tape. Twenty consecutive cardiac cycles (10 con-
secutive cardiac cycles at the initial phase of the run when
conditions were changing rapidly) were sampled and av-
eraged at control standing, during exercise and during re-
covery (7). The following variables were measured: heart
rate, left ventricular peak systolic pressure, left ventricular
end-diastolic pressure, peak positive first derivative of left
ventricular pressure (dP/dt) , end-diastolic wall thickness,
end-systolic wall thickness, systolic excursion of wall thick-
ening, phasic and mean coronary flow velocity and regional
myocardial blood flow (determined with microspheres). The
end-diastolic and end-systolic dimensions, the change in
wall thickness between these two dimensions and the percent
systolic wall thickening were determined as described pre-
viously (7).
Statistics. Statistical analysis of the differences between
control exercise and atenolol exercise and comparison of
the mean values during exercise with those before exercise
were conducted by analysis of variance with repeated mea-
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Figure l. Representative recordings at standard paper speed from
one of the experiments are shown. At the end of the control run
(left panel ), the left ventricular systolic and end-diastolic pressures
(LVP)and peak positivedP/dt werehigher, posterior wall thickness
(PT) was less and subendocardial ST segment elevationwasgreater
than during control standing. After atenolol exercise (right panel).
these changes were less marked. AT = anterior wall thickness;
ECG = electrocardiogram.
sures (12). Myocardial blood flow data were analyzed with
a single factor (repeated measures) analysis of variance within
each layer. When an overall significance was detected, Tu-
key's test was used to determine which group differed sig-
nificantly (12). Comparison of ST segment elevation be-
tween the group of four dogs in which data were acquired
both during and after exercise and the entire group with
data acquired after exercise only was conducted by unpaired
Results
t test. The level of statistical significance was p < 0.05,
and all data are presented as mean values ± standard de-
viation.
Hemodynamic responses. Representative tracings of
subendocardial electrograms and hemodynamic and dimen-
sional data from one of the experiments are shown in Figure
I. Values for the following variables increased abruptly and
reached maximal values within 10 seconds after the begin-
ning of the control exercise: heart rate (99.2 ± 12.4 to
244.6 ± 16.1 beats/min; p < 0.01), left ventricular peak
systolic pressure (145.5 ± 7.9 to 174.8 ± 11.5 mm Hg:
p < 0.01) and left ventricular peak positive dP/dt (3,965
± 447 to 7,623 ± 1.086 mm Hg/s: p < 0.01). Left ven-
tricular end-diastolic pressure was significantly elevated by
1 minute (13.2 ± 2. 1 to 31.9 ± 5.7 mm Hg: p <O.01).
The values for the hemodynamic variables returned to the
control standing values by 5 minutes after the end of ex-
ercise.
By 3 hours after adminis tration of atenolol (that is, just
before the atenolol run), the heart rate was 89.3 ± 11 .3
beats/min (p = NS), left ventricular peak systolic pressure
was 143.6 ± 10.1 mm Hg (p = NS) and left ventricular
peak positive dP/dt was 3,44 1 ± 432 mm Hg/s (p = NS).
During atenolol exercise, the initial rapid responses and
subsequent hemodynamic increments were markedly atten-
uated compared with control exercise. The heart rate in-
creased only to 183.6 ± 13.3 beats/min at 2.5 minutes of
exercise (p < 0.0 I), left ventricular peak systolic pressure
increased to 152.6 ± 13.7 mm Hg at 10 seconds of exercise
(p < 0.(1) and peak positive dP/dt increased to 3,926 ±
436 rnrn Hg/s (p < 0.01 ). The hemodynamic variables again
returned to preexercise values by 5 minutes after the end of
exercise.
Subendocardial ST segment elevation (Table I). In
the nine dogs, ST segment elevation could be accurately
measured both during and after exercise in four dogs and
only after exercise in the remaining fi ve dogs (Fig. 2). ST
segment elevation was not significantly different between
' I
END OF RUN
ATENOlOl RUN
'/ .11°,..
STANDING
I
I
I
II 1 '1
II·
CONTROL RUN
STANDING END OF RUN
ECG
AT
(mm)
PT
(mm)
lVP
(mmHgl
Table l. Relation of ST Elevation and Wall Thickening During Exercise in Nine Dogs
During Exerc ise
Standing I mint 2.5 mint End
Control
ST (mmJ 1.8 :+: 1.1 3.6 :+: 1.9 4 .9 :+: 2.4' 5.8 ± I. lJ1'
% /)" WT 27.9 ± s.s 5.4 z; 4.9 1- 4.5 :+: 3.91' S.O ± 3.9t
AtenoloJ
ST(mm) 1.5 ± 0.8 2.3 ± I.J 3.n :+: 2.0 ' 4 .3 ± 1.8+
% /)" WT 26.2 ± 7.7 8.3 ± 3.1 t 8.7 :!: 3.0+ 9. 1 ± 3.91'
Postexercise
I min 5 min 30 min
4. 1 ± 2. 11' U i± I.J 1.6 :: 1.3
16.2 ± 8.2t 20.9 ± 7.X· 21.9 ± td
3.3 ± 1.6t 1.6 ± 1.2 1.5 ± 1. 1
1').7 ± 8.5 24.5 ± 8.6 24 .1 :!: 6 .5
*p < 0.05; t p < 0.01 compared with cont rol standing values : :j: n = 4 for ST measurement. Values are presented as mean ± SO. % /)" WT =
percent systolic wall thickening .
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Figure 2. Subendocardial ST elevation (LIST) during the control
run (circles) and during the atenolol run (triangles) is shown
during the run and for 30 minutes after running. Interpretable
electrocardiographic recordings were obtained in four dogs during
the run (open symbols); data for all nine dogs are represented by
closed symbols. The asterisks represent significant differences
between the control and atenolol runs. From 2.5 minutes after
starting exercise through I minute after stopping exercise, liST
was significantly (p < 0.05) different from the value obtained
before exercise.
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Figure 3. Top, Percent decrease in percent systolic wall thick-
ening (% II wall thickening) during and after control (open bars)
and atenolol (hatched bars) exercise. Significant regional myo-
cardial dysfunction occurred by the first minute of exercise (early
exercise) and persisted at 5 minutes after control exercise (early
recovery). After atenoloI exercise, regional function rapidly re-
turned to baseline values. Bottom, Change in endocardial ST
segment elevation (liST) from baseline during and after control
and atenolol exercise. Significant endocardial ST segment eleva-
tion occurred well after developmentof regional myocardial dys-
function and resolved before return of function to baseline (n
9 except for early exercise where n = 4). *p < 0.001.
tion remained depressed compared with preexercise values
until 30 minutes after exercise.
Comparison of values obtained before atenolol exercise
with control standing values revealed that end-diastolic wall
thickness was decreased by 30%, the change in wall thick-
ness from end-diastole to end-systole was decreased by 9%
and the percent systolic wall thickening was unchanged.
During exercise with atenolol, significantly less dysfunction
was present; both the change in wall thickness from end-
diastole to end-systole and the percent systolic wall thick-
ening decreased less than during control exercise (68 versus
85% decrease; p < 0.01). After exercise with atenolol,
function in the ischemic area returned toward preexercise
values much sooner than during control exercise and was
not different from preexercise values at 1 minute, whereas
05
• • .0/
••• .00/
TIME
•
..
n=4 n=9
CONTROL 0
ATENOlOl l:J.
'" ...• • •
0 •
0
0 0
l:J.
l:J. .. ..A I:> ~ •
l:J.
0 l:J.
..
l:t
0
l:J.
~ •l:J. 0 •A 1Il
l:J. l:J. LJ.
" " " "
c c c c
:II :II :: :II E E E E
s
'"
1;
'"
0 0
'" ~ 0N ... N ... M, e
RUN
.,
POST RUN
8.0
7.0
6.0
5.0
E
.s
t-
en 4.0
<l
3.0
2.0
1.0
the groups; it became significantly different from the preex-
ercise value by 2.5 minutes of exercise for both control and
atenolol exercise conditions (p < 0.05).
ST segment elevation was significantly less at the end of
atenolol exercise than at the end of control exercise (1.4 ±
0.9 versus 4.3 ± 1.8 mm; p < 0.01). After both control
and atenolol exercise, the ST segment remained elevated at
1 minute, but by 5 minutes it had returned to the value
obtained before exercise (Fig. 2).
Regional myocardial function (Table 1). Ischemic wall
thickness. During control exercise, severe impairment of
ischemic wall thickening was present in all dogs as mani-
fested by postejection systolic wall thickening, failure of
end-diastolic wall thickness to increase and decreased ab-
solute and percent systolic wall thickening (Fig. 3). Exer-
cise-induced regional myocardial dysfunction reached steady
state by 1 minute of exercise, and regional myocardial func-
JACC Vol. 10. No.5
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Figure 4. Comparison of data during the atenolol run with those
during the control run shows that the percent increase in wall
thickening (% D" wall thickness) produced by atenolol was asso-
ciated with decreased ST segment elevation (D"ST) in seven of the
nine dogs.
it remaineddepressed up to 30 minutes after control exercise
(Fig. 3).
Regional myocardial bloodfiow. Control standing trans-
mural blood flow was not different in the anterior (0.87 ±
0.17 mllmin per g) and posterior (0.89 ± 0.17 mllmin per
g) left ventricular walls. However, during control exercise,
transmural blood flow in the ischemic area, normalized to
blood flow in the control area, was reduced compared with
control standing values (0.41 ± 0.18 versus 1.02 ± 0.10
mllmin per g; p < 0.01). During exercise with atenolol,
normalized transmural myocardial blood flow in the isch-
emic area was increased compared with control exercise
(0.66 ± 0.23 mllmin per g; p < 0.01), as described pre-
viously (7). In the ischemic area, transmural blood flow per
beat decreased during control exercise compared with con-
trol standing values (0.0041 ± 0.0018 versus 0.0091 ±
0.0014 mllmin per g; p < 0.01). During atenolol exercise,
transmural blood flow per beat was 0.0050 ± 0.0011 ml/min
per g (p = NS compared with control exercise). The mag-
nitude of these changes was greatest in the subendocardium,
intermediate in the mid myocardium and least in the epi-
cardium, as previously reported (7).
Relation between subendocardial ST segment changes,
regional myocardial dysfunction and myocardial blood
flow (Fig. 3 to 5). Severe regional myocardial dysfunction
occurred early duringexercise, and the dysfunction persisted
during initial recovery from control exercise (Fig. 3). Re-
gional myocardial dysfunction returned to baseline more
rapidly after exercise with atenolol. Significant endocardial
ST segment elevation occurred late after the onset of re-
gional myocardial dysfunctionand disappeared more rapidly
after control exercise (Fig. 3).
In comparing the atenolol run with the control run, im-
provement in percent systolic wall thickening during ex-
ercise was associated with less ST segment elevation in
seven of the nine dogs (Fig. 4). In addition, increased myo-
cardial blood flow was associated with decreased ST seg-
ment elevation in eight of the nine dogs (Fig. 5).
Histologic examination. Transmural tissue blocks, which
included all myocardium between crystals, were examined.
Gross and microscopic evidence of myocardial ischemic
injury was minimal (average <5% of the inner third layer)
in the ischemic area and was absent in the control area, as
reported previously (7).
Discussion
In these conscious dogs with chronic coronary stenosis
or occlusion with collateral vessels, we previously dem-
onstrated (7) exercise-induced regional myocardial ischemia
and prolonged postexercise dysfunction that improved after
administrationof atenolol. In the present study, we extended
these studies to include data from subendocardial electro-
grams that suggest that the reduction in subendocardial blood
flow during exercise-induced ischemia is inversely related
to subendocardial ST elevation. We also documented tem-
poral dissociation between the electrical and mechanical
consequences of severe ischemia. Thus, during exercise-
induced ischemia, the onset of regional myocardial dys-
function was rapid, whereas the onset of subendocardial ST
elevation appeared to occur somewhat more slowly. More-
over, after control exercise, resolution of ST elevation oc-
curred quickly, but resolution of myocardial dysfunction
was prolonged. Beta-receptor blockade did not affect the
time of onset or resolution of ST elevation even though ST
Figure 5. Comparison of data during the atenolol run with those
during the control run shows that increased subendocardial myo-
cardial blood flow (ml/min per g) was associated with decreased
ST segment elevation (D"ST) in eight of the nine dogs.
3
2
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elevation was reduced, whereas the duration of postexercise
myocardial dysfunction was shortened . In fact, during beta-
blockade, exercise-induced myocardial dysfunction was less
severe and returned more rapidly toward preexercise values
compared with control exercise, coinciding with the reso-
lution of ST elevation. The findings indicate that in the
presence of critical coronary stenosis , regional myocardial
contraction at the onset of strenuous exercise is very sen-
sitive to the decrease in blood flow and to the development
of intense ischemia that rapidly occurs as the heart rate
abruptly accelerates (9). As the ischemia is sustained, the
electrocardiogram changes more slowly, which likely relates
to alterations in ion fluxes, as discussed next.
Regional myocardial blood flow and function. Exer-
cise-induced redistribution of blood flow away from the
subendocardium with ensuing regional myocardial dys-
function was previously demonstrated in the animals in this
study and by others (7,9,13,14). Slow recovery of regional
myocardial function after exercise in dogs instrumented with
an ameroid constrictor (15,16) and in dogs with a hydraulic
cuff in which total coronary blood flow rapidly normalized
after exercise (17) has also been reported. Persistent post-
ischemic dysfunction has also been observed (18) after brief
coronary occlusions and termed " stunned myocardium" by
some investigators (19). It has also been reported (20-24)
after pacing and after release of prolonged coronary occlu-
sion or partial stenosis. Its mechanism remains uncertain.
ST segment elevation. The rapidity with which ST seg-
ment elevation disappeared after exercise may reflect prompt
restoration of regional blood flow (17). The mechanisms
causing ST segment elevation are not completely under-
stood. Possible explanations have been reviewed previously
(25-27) and include partial or complete repolarization dur-
ing diastole, failure of depolarization during systole and
early repolarization of ischemic cells, changes that presum-
ably are related to altered ion transport (25,28-30). The
prompt restoration of electrocardiographic changes after ex-
ercise may reflect relatively rapid recovery of ion transport
versus slower repletion of energy-producing substrates or
other mechanisms involved in contraction (31,32). In-
creased extracellular potassium is one factor that may ac-
count for the initial ST segment shift during acute ischemia
(30) , and extracellular potassium returns rapidly to normal
with restoration of adequate blood flow (31).
Previous investigators (5,6 ,27,33-37) have demon-
strated that the sensitivity of the electrocardiogram for de-
tection of ischemia depends on the recording site , the degree
of blood flow reduction (that is, the severity of ischemia)
and the geometry of the ischemic area . During transmural
ischemia, both the subendocardial and epicardial electro-
grams may demonstrate ST elevation at the center of the
ischemic area, whereas the subendocardial ST segments
may be elevated while epicardial ST segments are isoelectric
at the periphery of the ischemic area . Metabolic changes
such as those reflected by lower myocardial oxygen tension,
adenosine triphosphate and creatine phosphate and higher
lactate have been demonstrated (3,4.34,38-40) in areas of
epicardial ST elevation compared with areas of isoelectric
epicardial ST segments, providing additional evidence that
ischemia must be severe to be detected electrocardiograph-
ically by epicardial electrodes. Thus, the epicardial electro-
cardiogram may be unreliable for the detection of suben-
docardial ischemia, and the magnitude of this problem appears
to be even greater for the surface electrocardiogram (5,41) .
Effect of beta-adrenergic blockade. The observed rel-
ative increase in subendocardial blood flow or improved
myocardial function, or both, during beta-blockade at rest
(36,42) and during exercise has been previously described
by investigators from this laboratory (7,21). Possible mech-
anisms accounting for the reduction of ischemia after beta-
blockade include reduction of myocardial oxygen con-
sumption per minute, improvement of blood supply per beat
by prolongation of diastole (43,44) and increased suben-
docardial blood flow in the ischemic area possibly as a result
of increased resistance of epicardial vessels and those out-
side the ischemic region (7,45,46).
The dissociation between electrocardiographic events and
regionalcontraction was affected by beta-adrenergic block-
ade. Despite improved regional blood flow during exercise
after atenolol, the onset or offset of electrocardiographic
changes was not significantly altered , although the magni-
tude of ST segment elevation was reduced. However, not
only was regional myocardial dysfunction during exercise
diminished by beta-blockade, but the duration of postex-
ercise dysfunction was also much reduced, as we have pre-
viously reported (7); a similar effect has been noted with a
calcium channel blocker (diltiazem) alone (16) and in com-
bination with beta-blockade (47). In the present study, the
temporal dissociation between electrocardiographic and
contractile events after exercise disappeared after beta-
blockade, suggesting that reduced intensity of exercise-in-
duced ischemia markedly shortened the residual effects of
ischemia on contraction.
Clinical implications. These findings provide evidence
that both the earlier development of regional dysfunction
and its longer persistence after exercise make contractile
dysfunction a better marker of severe ischemia than are
electrocardiographic events. However, the added utility of
regional dysfunction after exercise as a marker of ischemia
disappeared when the ischemia was rendered mild after beta-
adrenergic blockade. These findings may have implications
for the usefulness of echocardiography in clinical exercise
testing .
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